Epstein-Barr virus (EBV) has been implicated in the pathogenesis of human malignancies but the mechanisms of oncogenesis remain largely unknown. Genomic instability and chromosomal aberrations are hallmarks of malignant transformation. We report that EBV carriage promotes genomic instability in Burkitt's lymphoma (BL). Cytogenetic analysis of EBVÀ and EBV þ BL lines and their sublines derived by EBV conversion or spontaneous loss of the viral genome revealed a significant increase in dicentric chromosomes, chromosome fragments and chromatid gaps in EBV-carrying cells. Expression of EBV latency I was sufficient for this effect, whereas a stronger effect was observed in cells expressing latency III. Telomere analysis by fluorescent in situ hybridization revealed an overall increase of telomere size and prevalence of telomere fusion and double strand-break fusion in dicentric chromosomes from EBV þ cells. Phosphorylated H2AX, a reporter of DNA damage and ongoing repair, was increased in virus-carrying cells in the absence of exogenous stimuli, whereas efficient activation of DNA repair was observed in both EBV þ and EBVÀ cells following treatment with etoposide. These findings point to induction of telomere dysfunction and DNA damage as important mechanisms for EBV oncogenesis.
Introduction
Epidemiological and molecular evidence implicates Epstein-Barr virus (EBV) in the pathogenesis of lymphoid and epithelial cell malignancies (Rickinson and Kieff, 1996; Dolcetti and Masucci, 2003) , but the mechanisms by which the virus contributes to tumorigenesis remain largely unknown. EBV infection induces B-cell immortalization through expression of nine latency-associated viral proteins, the nuclear antigens EBNA1-6 and membrane proteins LMP1, 2A and 2B, and several viral RNAs of unknown function (Young and Murray, 2003) . The latent viral proteins activate the cell cycle and inhibit apoptosis but are not sufficient for full malignancy since recently established EBV immortalized lymphoblastoid cell lines (LCLs) are non-tumorigenic, and retain the capacity to undergo differentiation in lymphoid tissues (Thorley-Lawson, 2001 ). Furthermore, only some of the growth-transformation-associated viral proteins are expressed in EBV-associated malignancies, which led to the identification of latency I, where only EBNA1, the untranslated EBERs and other less well-characterized viral RNAs are detected, and latency II, where these viral products are expressed together with LMP1 and LMP2, whereas EBNA2-6, which characterize the latency III expressed in LCLs, are downregulated (Dolcetti and Masucci, 2003) . EBNA1, the only protein expressed in all latency types, binds to the origin of latent virus replication and is required for maintenance of the viral episome (Yates et al., 1985) . Studies addressing the contribution of EBNA1 to EBV oncogenesis have suggested that it may act as survival factor, possibly by regulating p53-induced apoptosis (Hammerschmidt and Sugden, 2004) , but have failed to demonstrate conclusively its direct involvement in malignant transformation.
Genomic instability, defined as the spontaneous occurrence of high rates of genetic aberrations, is associated with different types of cancers and appears to be a major contributor to the neoplastic phenotype (Raptis and Bapat, 2006) . The changes observed in tumors include gene mutations, deletions or amplifications and a variety of karyotype abnormalities collectively defined as chromosomal aberrations. Some chromosome aberrations, such as translocations, deletions, inversions and duplications, can be transmitted to progeny cells, whereas unstable chromosomal aberrations, including dicentric chromosomes, rings, chromatid gaps, fragments, satellite associations and double minutes, are not propagated owing to structural constrains and are generated de novo at each cell cycle. Both transmissible (Bernheim et al., 1981; Klein, 1986) and unstable chromosomal aberrations (Stollmann et al., 1985; Zattara-Cannoni et al., 1996; Chan et al., 2001) are present in EBV-associated malignancies, but the contribution of the virus to this phenotype is not understood. It was suggested that EBV might prime genomic instability by activating specific recombinases (Kuhn-Hallek et al., 1995) by integration (Jox et al., 1997) or by induction of oxidative stress (Gualandi et al., 2001) , whereas latent viral genes such as LMP1 and LMP2 could contribute by modulating telomere function and DNA repair Liu et al., 2005) , or by enhancing the sensitivity to DNAdamaging agents (O'Nions and Allday, 2003; Liu et al., 2004) . However, there is no conclusive evidence for the mutagenic potential of the virus.
In this study, we have used a panel of EBV þ and EBVÀ Burkitt's lymphoma (BL) cell lines to investigate the effect of the virus on genomic instability. Endemic BL is an aggressive B-cell tumor affecting young children in endemic malaria regions of Africa and Papua New Guinea (Dolcetti et al., 2005) . The molecular hallmark of BL is the presence of chromosomal translocations that activate c-myc by juxtaposition to immunoglobulin enhancer sequences. The importance of EBV for the pathogenesis of BL is substantiated by the finding that virtually all endemic BLs are EBV þ . The tumor biopsies and some derived cell lines express latency I, whereas less restricted forms of latency are expressed after prolonged culture in vitro and in in vitro EBV converted cells. Spontaneous loss of the viral genome has been reported in rare tumors, providing additional opportunities for assessing the effect of the virus in cells with the same genetic background. We report that EBV carriage is associated with a significant increase of unstable chromosomal aberrations. The effect was evident in cells expressing latency I, further enhanced upon progression to latency III and abrogated in cells that had lost the viral genome, supporting the involvement of EBV in the induction of genomic instability.
Results
Enhanced chromosome instability in EBV þ BLs Non-transmissible chromosomal aberrations including dicentric chromosomes, chromosome rings, chromosome fragments, double minutes, satellite associations and chromatid gaps ( Figure 1A ) that arise from chromosome breakage and fusion, gene amplification, DNA damage or defects of DNA repair, were scored in more then 3500 digital images of metaphases from a panel of 7 EBVÀ and 20 EBV þ BL lines (Table 1) . More then 100 images captured in at least two different occasions were analysed for each cell line. Various combinations of chromosomal aberrations were detected in 4.6 and 19.4% of mitosis from EBVÀ and EBV þ BL lines, respectively (P ¼ 0.001, Figure 1B ). Dicentric chromosomes and fragments were observed in a significant proportion of the metaphases, whereas chromatid gaps, double minutes, satellite associations and rings were rare events. Chromosome rings and satellite associations occurred with the same frequency in EBVÀ and EBV þ cells, whereas dicentric chromosomes (P ¼ 0.001), chromosome fragments (P ¼ 0.001) and chromatid gaps (P ¼ 0.005) were significantly increased in EBV þ cells ( Figure 1B, Supplementary Table 2 ), suggesting a prevalence of chromosome breaks and defects in DNA repair. Double minutes were not detected in EBVÀ but were occasionally found in EBV þ cells. Similar results were obtained when the analysis was repeated on a restricted panel of cell lines after 6 months in culture (not shown), confirming that the occurrence of chromosomal aberrations is stable over time.
Comparison of pairs of EBVÀ and EBV þ cell lines with the same genetic background confirmed the effect of EBV on chromosomal instability ( Figure 1C and Supplementary Table 2). A decrease in aberrant metaphases from 10% in Oma cl.6 and 16% in Akata( þ ) to 2% was observed upon loss of the viral genome. Dicentric chromosomes, fragments, chromatid gaps and double minutes were significantly decreased, whereas a restoration of the defects to levels higher than those observed in the originally EBV þ cells was observed in Akata-JSWT that was obtained by EBV conversion of Akata(À) ( Figure 1C ). Furthermore, higher frequencies of dicentric chromosomes, fragments, chromatid gaps and double minutes were detected in EBV converted sublines of BL41, BJAB ( Figure 1C ) and Table 2 ). Similar effects were observed in convertants carrying the prototype B95.8 or the EBNA2 loss mutant, P3HR1-derived, EBV strains. The latter cell lines do not express LMP1, confirming that neither EBNA2 nor LMP1 is essential for the effect.
Ramos (Supplementary
EBV latency I is sufficient for induction of chromosome instability EBV þ BLs can be classified in EBV latency subgroups based on the expression of growth-transformationassociated viral proteins (Rowe et al., 1987) . A significant increase of aberrant metaphases from 4.6 to 9.6% was observed in BL lines expressing latency I compared to EBVÀ BLs, whereas a further increase to 23.6% was detected in cell lines expressing latency III ( Figure 2 ). The percentage of metaphases with dicentric chromosomes increase from 1.1 in the EBVÀ cells to 3.2 and 8.7 in EBV þ cells expressing latency I or latency III, respectively, and similar proportional increases were observed for chromosome fragments and chromatid gaps. Double minutes were not detected in the EBVÀ cells, but were present in approximately 1% of metaphases from EBV þ cells, irrespective of latency type.
Different mechanisms account for the formation of dicentric chromosomes
The selective increase of dicentric chromosomes, fragments and chromatid gaps in EBV þ cells suggests that EBV promotes genomic instability SA Kamranvar et al telomere dysfunction, defects in DNA repair or virusinduced DNA damage, may be involved in this phenotype. To address this issue, the distribution of telomeres in isolated and dicentric chromosomes was investigated by fluorescent in situ hybridization (FISH) using a specific probe ( Figure 3A) . Lack or inappropriate repair of double-strand breaks (DSB) involving telomeres leads to terminal deletions (chromosomes with less than four telomeres) or ectopic telomere sequences (chromosomes with more than four telomeres) (Figure 3Aa-c) . Joining of the sticky ends of two broken chromosomes will generate dicentric chromosomes lacking telomere signals at the fusion site (T0, Figure 3Ad ), whereas unprotected or eroded telomeres may lead to the formation of dicentric chromosomes with two detectable telomere signals at the fusion site owing to telomere-telomere fusion or fusion of telomeres with the sticky ends of DSB (T2, Figure 3Ae ). In addition, the association of eroded telomeres may lead to the formation of dicentric chromosomes with two pairs of telomeric signal at the fusion sites (T4, Figure 3Af ). Four telomere signals were regularly detected in all chromosomes from mitogen-induced B-blasts whereas abnormal numbers of telomeres were present in 37.2% of chromosomes from EBV þ and 21.8% of chromosomes EBVÀ BL cells ( Figure 3A and not shown). Analysis of telomere signals at the fusion sites in at least 20 dicentric chromosomes from each cell line revealed that 85% of the dicentric chromosomes in EBVÀ cells were derived from telomere association (T4) and only 5% originated by telomere fusion (T2) and 10% from DSB fusions (T0) ( Figure 3B ). In contrast, telomere fusion and DSB fusions were prevalent in EBV þ cells, where they accounted for 34 and 30% of the dicentric chromosomes, respectively.
To assess further the contribution of telomere dysfunction, the expression of human telomerase reverse transcriptase (hTERT) was investigated by Western blot analysis ( Figure 3C ). In accordance with previous reports that have failed to demonstrate consistent EBV-related difference in the expression and activity of hTERT in BL cells (Mochida et al., 2005) , very similar levels of hTERT were detected in all BL lines included in our analysis, irrespective of their EBV carrier status. Furthermore, hTERT was exclusively detected in nuclear extracts, excluding cytoplasmic relocalization as a possible cause of functional inactivation. As telomere dysfunction may occur in the absence of hTERT defects and shortened or eroded telomeres may cause the formation of dicentric chromosomes (Obe et al., 2002) , the distribution of telomere sizes was compared in EBVÀ and EBV þ cell lines by quantifying the intensity of the telomere signals using the ImageJ software ( Figure 3D, Supplementary Figure 5) . A different distribution of telomere sizes was revealed by this analysis. Although the percentage of short telomeres were increased in EBVÀ BLs compared with mitogeninduced B-cell blasts, and long telomeres were correspondingly decreased, the opposite was observed upon EBV conversion ( Figure 3D ). Thus, presence of EBV appears to be associated with a consistent increase of telomere length.
Chromosome instability correlates with induction of DNA damage
We then investigated whether EBV may be involved in the generation of DNA damage. A phosphorylated variant of histone H2AX, gH2AX-S139, is found in large chromosomes regions adjacent to DNA breaks, providing a convenient and sensitive method for monitoring the formation of DSBs and recruitment of DNA repair components by immunofluorescence and Western blot analysis (Lowndes and Toh, 2005) . Representative immunofluorescence staining performed with a gH2AX-specific antibody is shown in Figure 4a . A weak nuclear fluorescence, only marginally above the background detected in normal B-blasts, was detected in EBVÀ BLs, whereas a significantly stronger fluorescence was detected in EBV þ cells (Figure 4a ). The effect was particularly obvious on comparison of Akata(À) with Akata( þ ) and Akata-JSWT cell lines (Figure 4a) . A significant increase of fluorescence was induced in all cell lines upon treatment with the DNA-damaging agent etoposide, confirming that the mechanisms leading to detection of DSBs and H2AX phosphorylation are intact. The correlation between EBV carriage and the presence of spontaneous levels of gH2AX was confirmed in Western blot analysis as illustrated by representative blots, where EBVÀ and converted cell lines were tested in parallel (Figure 4b ). The effect of EBV on the efficiency of DNA repair was assessed by comparing the kinetics of gH2AX disappearance after removal of etoposide (Figure 4c and d) . In line with the different levels of expression in untreated cells, a stronger induction of gH2AX was observed in EBVÀ compared to EBV þ cells, 6-and 2-fold increase, respectively (Figure 4c and not shown). However, a similar kinetics of gH2AX disappearance was observed upon removal of etoposide in all cell lines, independently of their EBV status (Figure 4d) . Similar results were obtained by treatment with the DNA-reducing agent bleomycin (not shown).
We finally asked whether EBV might be sufficient for induction of DNA damage in the absence of c-myc overexpression. To this end, presence of gH2AX was investigated in the P493-6 cell line that carries a recombinant EBV with an estrogen-driven EBNA2 and a conditional c-myc gene (Schuhmacher et al., 1999) . In the presence of estrogen and tetracycline, the growth of P493-6 cells is driven by a latency III gene expression program (P493-LCL), whereas withdrawal of the drugs results in switch to latency I-like BL phenotype with high expression of c-myc (P493-BL). Significantly higher levels of gH2AX were detected by immunofluorescence and Western blot analysis in untreated P493-LCL cells compared with mitogeninduced B-blasts, whereas a further increase was observed upon downregulation of EBNA2 and LMP1 and upregulation of c-Myc in P493-BL (Figure 4e ). The expression of gH2AX was increased in all cell types following etoposide treatment.
Discussion
The results presented in this paper offer new insights into the mechanisms by which EBV may contribute to the pathogenesis of BL and, by inference, other EBVassociated malignancies. Using a simple methodology based on visual screening of chromosomal abnormalities in a large number of metaphase plates, we have found that EBV carriage is associated with the induction of genomic instability as reflected by a significant increase of unstable chromosomal aberrations such as dicentric chromosomes, chromosome fragments and chromatid gaps (Figure 1 ). These aberrations are generated in individual cells and are not transmitted to the progeny as damaged chromosomes and fragments cannot properly segregate during mitosis. Random chromosomal aberrations were previously described in BL cells (Zech et al., 1976; Zimonjic et al., 2001; Karpova et al., 2006) and were attributed to the capacity of c-Myc to induce genomic instability (Potter and Marcu, 1997) . Our data support the predicted role of c-Myc as unstable chromosomal aberrations were detected in EBVÀ BL cells. However, the defects were between 3 and 10 times more frequent in EBV þ cells and a distinct role of the virus was confirmed by comparison of paired cell lines that do or do not carry EBV following in vitro conversion or spontaneous loss of the viral genome. It is noteworthy that non-transmissible chromosomal aberrations are also frequent is other EBVassociated tumors, including nasopharyngeal carcinoma hybrid cell line (Shao et al., 2001; Cao et al., 2002) and gastric carcinoma (Chan et al., 2002) , suggesting that induction of genomic instability may be a common mechanism by which EBV contributes to tumor progression.
The EBV latency program seems to influence the frequency of chromosomal aberrations in EBV þ BLs. Thus, abnormal metaphases were more frequent in cells expressing latency I compared with EBVÀ cells and further increased in cells expressing latency III, suggesting that different viral products may be critical for the induction and/or amplification of the phenotype (Figure 2) . It is noteworthy that only EBNA1, the untranslated EBERs RNAs, some poorly characterized transcripts derived from BamHI A region of the viral genome and some even less well-characterized micro-RNAs have been detected in BL cells expressing latency I (Dolcetti and Masucci, 2003; Pfeffer et al., 2004) , suggesting that these viral products are sufficient for the effect either directly or through modulation of cellular genes.
Comparison of the type of chromosomal aberrations detected in EBVÀ and EBV þ cells suggests two possible mechanisms by which EBV may promote genomic instability. The occurrence of dicentric chromosomes, chromosome fragments and chromosomes with abnormal telomere numbers ( Figure 3B ) points to the involvement of DNA breakage. Dicentric chromosomes with less than four telomere signals at the fusion site may be generated by non-homologous DNA repair following DSBs (Obe et al., 2002) or by the junction or eroded or damaged telomeres (Chan and Blackburn, 2003) , consequent to defects in telomerase activity or telomere-associated proteins (Smogorzewska et al., 2002; Urushibara et al., 2004) . The virus appears to interfere with the homeostasis of telomeres as strong telomere signals were increased in EBV þ compared with EBVÀ BLs and normal B-blasts ( Figure 3D ), suggesting an increase in telomere length, but the underlying mechanism and the contribution of this abnormality to the generation of chromosome breaks are not clear. Importantly, although LMP2 was shown to regulate telomerase activity in transfected epithelial cells , we could not detect significant differences in the expression or subcellular localization of hTERT in EBVÀ and EBV þ BL cells ( Figure 3C ).
In addition to telomere dysfunction, DNA damage appears to play an important role in the genomic instability of EBV þ BLs (Figure 4a and b) . The detection of constitutively high levels of gH2AX suggests that DNA breaks are generated and/or maintained in EBV þ cells in the absence of exogenous damaging agents whereas the efficient clearance of gH2AX after etoposide treatment excludes major defects in the detection of DNA damage or activation of DNA repair. Most importantly, low levels of gH2AX were detected in the P493 LCL in the absence of c-myc overexpression (Figure 4e ), confirming that viral functions are sufficient for triggering this type of genomic instability. LMP1, the hallmark of latency III, was shown to induce the formation of micronuclei in epithelial cells, repress p53-mediated DNA repair and enhance the sensitivity to DNA-damaging agents (Liu et al., 2004 . Conceivably, this effect of LMP1 could explain the higher levels of genomic instability observed in BLs expressing latency III, but other viral products must cause DNA damage in cells expressing latency I. EBV infection was shown to induce micronuclei formation and oxidative stress in B cells (Gualandi et al., 2001) . It remains to be seen whether this effect may be associated with EBNA1 or other viral products expressed in latency I.
In conclusion, our findings shed a new light on the oncogenic potential of EBV. It has long been speculated that EBV infection could generate a pool of pre-malignant cells that can undergo genetic changes leading to malignant transformation. Our data suggest that, by inducing genomic instability, EBV is capable of driving tumor progression, and, in the absence of a tight control of cells proliferation, may be sufficient to promote full malignancy.
Material and methods

Cell lines
The cell lines included in this study, their origin, EBV status and latency type are listed in Table 1 and referenced in Supplementary Information. The cells were cultured in Roswell Park Memorial Institute-1640, supplemented with 10-20% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin. EBV gene expression was confirmed by Western blot using specific polyclonal and monoclonal antibodies (not shown). Switch between BL-and LCL-like phenotypes was induced in the P493-6 cell line (Schuhmacher et al., 1999) by culture in medium supplemented with 0.5 mg/ml tetracycline and 1 mM of b-estradiol, which resulted in upregulation of LMP1 and downregulation of c-Myc below detection levels.
Metaphase plate analysis
Rapidly growing cells were treated with 30 ng/ml colcemide (KaryoMAX Invitrogen, Paisley, UK) for 90 min to induce metaphase arrest, washed in hypotonic buffer containing 75 mM KCl, fixed, dropped onto cold glass slides and mounted in DAPI containing Vectashield (Vector Laboratories, Burlingame, CA, USA). Digital images were captured using a LEITZ-BMRB fluorescence microscope (Leica, Wetzlar, Germany) equipped with a CCD camera (Hamamatsu) and analysed using the Adobe Photoshop software. Chromosomes containing two centromeres were scored as dicentric, whereas fusion of short and long arms of the same chromosome was scored as rings. Isolated chromosome fragments were distinguished from double minutes that appear as pairs of tightly associated fragments. Fusions of fragments with the short arms of two distinct chromosomes were scored as satellite association, whereas isolated breaks in one or both chromatids were scored as chromatid gaps. Statistical significance was assessed by unpaired, one-tailed Student's t-test.
Telomere analysis
Telomeres were stained using the Telomere PNA FISH kit, (DAKO, Glostrup, Denmark). The slides were washed twice with Tris-buffered saline, treated with proteinase K for 10 min at room temperature, dehydrated in ethanol and air-dried. After denaturation at 801C for 5 min, hybridization was performed at room temperature for 30 min in dark. The slides were then overlaid with washing solution for 5 min at 651C, fixed in ethanol and mounted with DAPI-containing Vectashield. The number of telomere signals was counted in digital pictures and the fluorescence intensity of individual telomeres, expressed as the product of the telomere area by the average pixel density, was measured in more then 20 metaphase plates from each cell line using the ImageJ software (freeware at http://rsb.info.nih.gov).
Western blotting
Total cell lysates were prepared in lithium dodecyl sulfate sample buffer, fractionated in precast 4-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gradient gels (Invitrogen Corp., Carlsbad, CA, USA) and transferred to polyvinylidene fluoride membranes (Millipore Corporation, Bedford, USA). The blots were probed with antibodies to gH2AX-Ser139 (1:1000, Upstate, Lake Placid, USA), hTERT (1:200, Santa Cruz Biotechnologies Inc), LMP1 (S12, 1:10000), c-Myc (9E10 1:1000; Santa Cruz Biotechnologies) or b-actin (AC-15 1:2000, Sigma-Aldrich, St Louis, MO, USA) followed by the appropriate HRP-conjugates secondary antibody (Zymed, San Francisco, CA, USA), developed by enhanced chemiluminescence and analysed using the Fuji LAS 1000 system (FujiFilm Medical Systems Inc., Stamford, CT, USA). Signal intensities were quantified using the Quantity One analysis system (BioRad Laboratories, Hercules, CA, USA). Nuclear and cytoplasmic extracts were prepared using the NE-PER Reagents (Pierce Biotechnologies, Rockford, IL, USA) and the efficiency of fractionation was confirmed in western blot using antibodies to a-tubulin (cytoplasmic fraction, GTU-88, SigmaAldrich) and PARP (nuclear fraction C210; Biomol Affinity).
Gamma-H2AX staining
Three Â 10 4 cells in 100 ml phosphate buffer saline were deposited on glass slides by cytospin centrifugation and fixed in fresh 4% formaldehyde, pH 8 (Merck, Darmstadt, Germany) for 10 min. The slides were then stained overnight with anti-gH2AX and developed with goat-anti-rabbit IgG Alexa Fluor488 (Molecular Probes, Invitrogen Corp.). Digital images were analysed with Adobe Photoshop. For DNA repair activation assays the cells were treated with 0.3 mg/ml etoposide (Sigma-Aldrich) for 24 h or 50 ng/ml bleomycin (Merck Biosciences, Darmstadt, Germany) for 5 h and gH2AX expression was chased in fresh medium.
Abbreviations BL, Burkitt's lymphoma; EBV, Epstein-Barr virus; LCL EBV, immortalized lymphoblastoid cell line; CIN, chromosomal instability; DSB, double-strand DNA breaks.
